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REMARKS 

Favorable reconsideration is respectfully requested in view of the foregoing amendments 
and the following remarks. 

Applicants sincerely thank the Examiner for conducting an interview with Applicants' 
representative. 

L CLAIM STATUS AND AMENDMENTS 

Claims 1 and 4 were pending in this application upon filing of the Preliminary 
Amendment with the RCE on July 22, 2008. Claims 1 and 4 were indicated as rejected in the 
Advisory Action mailed June 18, 2008. 

Claims 1 and 4 are amended to clarify the claimed invention. 

Support for "simultaneously" in amended claims 1 and 4 can be found throughout the 
specification. In particular, Applicants note that page 8, paragraph [0042] indicates concurrent 
passing of the specimen molecule solution and the probe molecule solution. Also, paragraph 
[0059] on page 1 1 indicates that the present invention is directed towards introducing a probe- 
containing solution and a specimen-containing solution intro a micro flow channel as laminar 
flows and measuring the degree of diffusion. Applicants note that no diffusion can occur if the 
two solutions are not passed through the micro channel at the same time. Further support can be 
found in paragraph [0013] on page 3 and paragraph [0025] on page 5. 

Support for "wherein diffusion of solutes in the solutions is accelerated by affinity 
between the fluorescent probe molecules and the specimen molecules to form complexes" can be 
found in paragraph [0025] on page 5. All other amendments to these claims are merely made for 
clarification purposes. 

Thus, no new matter has been added. 

II. ANTICIPATION/OBVIOUSNESS REJECTIONS 

In the Office Action dated February 22, 2008, claims 1 and 4 were rejected under 35 
U.S.C. § 102(b) as anticipated by Wolinsky et al. Further, claims 1 and 4 were rejected under 35 
U.S.C. § 103(a) as obvious over Wolinsky et al. in view of Chee et al. 

Applicants respectfully traverse these rejections as applied to the amended claims for the 
following reasons and for the reasons of record. 
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Applicants note that the claims 1 and 4 are directed towards method for quantitative 
determination or analysis comprising simultaneously passing a solution containing a specimen 
molecule and a separate solution containing a fluorescent probe molecule capable of forming a 
complex with the specimen molecule through a micro flow channel such that laminar flows are 
formed. As is clear from the amended claim language and specification, the claimed methods 
require at least two simultaneous laminar flows in the microflow channel to measure changes in 
diffusion due to affinity between the specimen molecules and fluorescent probes. On the other 
hand, the primary reference is directed towards, in part, fluorescence activated flow cytometry. 
In flow cytometry, the specimen and fluorescent probes are mixed prior to flow through a micro 
flow channel and thus fail to teach each and every element of this claim. Furthermore, the 
calibration curve in fluorescent flow cytometry is used to calibrate the machine not to 
quantitatively analyze the specimen molecules. A person of skill in the art reading the claims in 
light of the specification would easily understand that the calibration curve of the claimed 
invention is used to determine the amount of specimen molecule in the specimen molecule 
solution. A person of skill in the art would further understand that this calibration curve is 
fundamentally different than the calibration curve taught in Wolinsky et al. Applicants note that 
under US practice the claims are read in light of the specification. Thus, the calibration curve of 
the amended claims, as read in light of the specification, is not the same as the calibration curve 
of the cited references. 

Thus, for the above-noted reasons, these rejections as applied to the amended claims are 
untenable and should be withdrawn. 

Furthermore, Applicants provide the following remarks: 

Wolinsky et al. requires a fluorescence activated flow cytometry in step e) of Claim 1. In 
flow cytometry, the hybridization procedure is first undertaken usually to prepare a fluid 
dispersion in order to form complexes between the specimen molecules and the probe molecules 
immobilized on beads as a solid-phase carrier and then the fluid dispersion is passed through a 
micro flow channel to make up a laminar flow in which orientation of the complexes is effected 
for laser measurement. For further information on the flow cytometry, please see Attachment A 
(Basic Flow Cytometry). 

In this way, it is necessary in Wolinsky et al. to perform hybridization of specimen 
molecules as a pretreatment. 
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As described in paragraph [0007] of the specification, however, a quantitative analysis 
using a solid-phase carrier with high precision requires strict control of the probe molecules to be 
immobilized on the solid-phase carrier and, such a control is unavoidably under limitation due to 
non-uniformity of the efficiency of immobilization of the probe molecules on the solid-phase 
carrier, poor reproducibility, complicated nature of the surface diffusion behavior of the 
materials on the solid-liquid interface, and insufficient skill of the workers in conducting the 
interaction of the specimen molecules. 

Furthermore, as shown in [0030] of the specification, the "solution hybridization" on 
page 12 of Wolinsky et al. and Chee et al., has to be carried out under strict temperature and 
concentration controls, and thus requires a high-level skill for the laboratory workers. For 
further information, please see Attachment B (Molecular Cloning). 

Accordingly, the method of the claimed invention has been completed with an object to 
exclude any uncertainty in the analytical results due to differences in the skillfulness of the 
laboratory workers with respect to complex formation between probe molecules and specimen 
molecules. 

In this way, the claimed invention has been completed with an object to overcome the 
aforementioned defects possessed by flow cytometry disclosed in Wolinsky et al. Accordingly, 
the claimed method is neither taught nor suggested by Wolinsky et al. Thus, these rejections are 
untenable and should be withdrawn. 

Attachment C illustrates the difference between the present method and conventional 
flow cytometry. The right side of this figure shows conventional flow cytometry wherein 
hybridization is first undertaken as a pretreatment to form a complex between the specimen 
molecules and the probe molecules immobilized on solid-phase carriers followed by injection of 
the complex into a micro flow channel. In contrast thereto, the left side of this figure shows the 
method of the present invention wherein the specimen molecules and probe molecules are 
separately injected into a micro flow channel so as to form a complex in the micro flow channel. 

The Examiner asserted in the Advisory Action that, since the claims read as passing a 
single solution containing (1) specimen molecules and a (2) solution containing fluorescent 
probe molecules through the micro flow channel, the claims do not preclude pre-mixing such as 
hybridization. 
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Applicants have amended claims 1 and 4 to clarify the claimed invention and avoid 
misunderstanding. 

The Examiner asserted in the Final Rejection that, since Chee et al. teaches quantitation 
of nucleic acids based on the signals generated by the sample of interest that is then compared to 
a calibration curve to measure the concentration of the analyte (column 58, lines 25-40), the 
skilled artisan would have been motivated to combine the teachings of Wolinsky et al. and Chee 
et al. 

However, on conventional flow cytometry, it is impossible to conduct analysis by 
detecting the changes in the degree of diffusion as in the claimed invention since the molecules 
are immobilized onto a solid-phase carrier and therefore cannot diffuse. On page 13 of Wolinsky 
et al, "Three-Color Analysis of Cell Surface Markers" describes that the analysis is made by 
comparison of the color tone obtained by flow cytometry with the color tone of the sample. 

Thus, for the above-noted reasons, these rejections are untenable and should be 
withdrawn. 

III. PROVISIONAL OBVIOUSNESS-TYPE DOUBLE PATENTING REJECTION 

In the previous Office Action, claims 1 and 4 were provisionally rejected on the grounds 
of non-statutory obviousness-type double patenting over claims 1 and 3 of co-pending 
application number 10/527,987 in further view of Chee et al. 

This application has been abandoned and therefore this rejection is moot. 

IV. FURTHER REMARKS 

Attached herewith is an article by Yamaguchi et al. (Attachment D) to aid the Examiner's 
understanding. 
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CONCLUSION 

In view of the foregoing amendments and remarks, it is respectfully submitted that the 
present application is in condition for allowance and early notice to that effect is hereby 
requested. 

If the Examiner has any comments or proposals for expediting prosecution, please 
contact the undersigned attorney at the telephone number below. 

Respectfully submitted, 
Kenichi YAMASHITA et al. 

William R. Schmidt, II 
Registration No. 58,327 
Attorney for Applicants 



WRS/lc 

Washington, D.C. 20006-1021 
Telephone (202) 721-8200 
Facsimile (202) 721-8250 
October 30, 2008 
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ATTAHCMENTS 

A. "Basic Flow Cytometry." <http://flowcytometry.med.imc.edu/basicflow.htm.> 
September 24, 2008. 

B. "Synthetic Oligonucleotide Probes." Molecular Cloning . Second Edition. 

C. Diagram contrasting claimed invention and conventional flow cytometry. 

D. Yamaguchi, Y. et al., "3-D Simulation and Visualization of Laminar Flow in a 
MicroChannel with Hair-Pin Curves", AIChE Journal (2004), 50(7): 1530-1535. 
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BASIC FLOW CYTOMETRY 



Overview - Flow cytometry is a powerful technology for investigating many aspects of cell 
biology and for isolating cells of interest. Flow cytometry utilizes highly focused, extremely 
bright beams of light (usually from lasers) to directly reveal aspects of cells - e.g size and 
granularity - by the way light is scattered or indirectly by attaching fluorescent probes to 
cell components e.g DNA binding dyes or labeled antibodies. The power of flow cytometry 
derives from the fact that it quantitatively analyzes individual cells, thus permitting the 
identification of subpopulations within a sample. The power of single cell analysis is 
compounded by the ability to measure multiple parameters simultaneously on each 
individual cell, to do this very fast (in excess of 20,000 cells/second), and to 
isolate/purify/sort desired subpopulations (up to 4 simultaneously). 

History - Flow cytometry of course simply means the measurement of cells while they are 
flowing through the detector system. Modern flow cytometry began in the late 1940s and 
early 1950s with Wallace Coulter's invention of the Coulter counter which measured the 
volume of cells by displacement of an electrolyte and subsequent increase in electrical 
impedance. Later principles and devices invented principally by Mack Fulwyler, Louis 
Kamentsky, Wolfgang Gohde, and Len Herzenberg's group at Stanford added new detection 
capabilities - measurement of size and granularity by light scatter and measurement of 
fluorescence. These devices all used light as the detection system. Len Herzenberg 
coined the term Fluorescence Activated Cell Sorting - FACS. The term FACS was used and 
trademarked by one of the manufacturers (B-D) so this class of instrument is now 
commonly referred to as flow cytometers. Concomitant developments that aided and 
expanded the utility of flow cytometers were the development of a vast array of fluorescent 
probes and especially the development of monoclonal antibodies pioneered by Cesar 
Milstein. 

What can flow cytometry measure? - Flow cytometers can measure a diverse set of 
materials but it is required that the material to be analyzed be particulate. However that 
does not exclude the ability of a flow cytometer to measure soluble molecules. Virtually 
any component or function of cells can be measured as long as a fluorescent probe can be 
made that detects this. Many different types of cells can be analyzed - we have used 
bacteria, yeast, mammalian cells, and plant cells. Cellular subcomponents can be measured 
e.g chromosomes. In fact the human genome project started with the sorting of each of the 

chromosomes to simplify the analysis. Cell functions (e.g intracellular pH i.e. [H + ], [Na + ], 
[Zn + ], phosphorylation status, membrane potential, DNA content) may be studied using 
flow cytometers. The development of a host of fluorescent reporter proteins (e.g green 
fluorescent protein - GFP) allows for easy interrogation of gene expression. To measure 
soluble molecules the molecules must first be trapped onto a particulate surface and then 
exposed by binding of fluorescent probes (e.g monoclonal antibodies). Indeed multiplexed 
assays can be developed that permit the simultaneous measurement of multiple analytes in 
the same sample. 

How does a flow cytometer work (in brief!) - In order for a flow cytometer to work 4 areas 
of physics/technologies need to interplay. The first component is the fluidics system of the 
instrument. Because this is the mechanical component of the instrument most instrument 
problems are in the fluidics system. The heart of the fluidics system on all flow cytometers 
is the "nozzle". This is the component where cells are injected into the sheath fluid stream, 
are hydrodynamically focused, and in cuvette-nozzle designs where the cells are 
illuminated by the laser beams. Requirements for steering and focusing the laser beams 
and for collecting and detecting the fluorescence and scatter emissions require 
sophisticated optics. The collected light energy must be converted to electrical energy and 
this in turn converted to digital information. This is the function of the electronics of the 
cytometer. Finally in order for the operator/investigator to interpret what happened within 
the cytometer the data must be collected by a computer and interpreted by software into 
appropriate figures (histograms). 

Attachment A 
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Fluidics - The fluidics system performs a number of critical functions. The first is to position 
the cells within the detector laser beam precisely and reproducibly. This is accomplished by 
using hydrodynamic focusing. The internal shape of the nozzle provides this effect in 

combination with an 
accelerating focusing 
fluid - the sheath fluid 
(normally simple PBS). 
The sample particles 
(cells) in single cell 
suspension (ideal) are 
injected into the sheath 
fluid stream. The figure 
to the left shows a 
representation of the 
major components of a 
cuvette nozzle design. 
The sample stream exits 
the sample injection 
needle and then via the 
effect of the 

hydrodynamic focusing is 
drawn out into a very 
small stream called the 
core stream (or sample 
stream). The diameter 
of the core stream is 
critical for both the 
accurate positioning of 
the cells in the laser(s) 
and for identifying when more than one cell is in the laser (doublets, triplets, etc.). The 
goal is to have the diameter of the core stream near to the diameter of the particles being 
analyzed. The diameter of the core stream varies in direct proportion to the pressure 
applied to the sample tube - less pressure = smaller diameter — higher pressure = larger 
diameter. The quality of the data produced will always be better the smaller the core 
stream diameter is. However, the sample tube pressure also affects the rate at which cells 
are analyzed. Many users focus only on the event rate forgetting what increasing that by 
increasing sample pressure will do to the core stream diameter and thus to the quality of 
the data. While this may be acceptable for many cells up to a point, to obtain higher event 
rates while maintaining a tight core stream it is better to concentrate the sample and run at 
the lower sample pressure, if possible. In terms of correct positioning of the cells within 
the laser, the desire is to have the cells all go through the energy profile of the laser in the 
same place and, thus, be illuminated by the same number of photons. The energy profile 
across any diameter of the laser beam is Gaussian as shown. Of course, for many lower 

power lasers it is 
desirable that this 
transit point be at the 
peak of the laser 
energy distribution 
(as shown to the 
right). When the core 
stream is much wider 
than the cell 
diameter, cells, which 
distribute at random 
in the core stream, 
will pass through 
differing laser beam 
energy levels. This 

means that cells with the same amount of bound fluorochromes will be measured as having 
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slightly different levels resulting in a measurement error. The problem with precise laser 
beam localization is maximal when the cross-sectional area of the laser beam is spherical. 
Most flow cytometers now use lenses to reshape the laser beam to an elliptical cross- 
section (right most drawing figure above). This flattens and broadens the laser energy 
profile of the laser beam so that transit across the distribution reduces the positional laser 
energy that cells off-center experience and, thus, the problem is minimized. It still exits, 
however, and for applications (e.g. DNA content) where the CVs are critical still requires 
close attention to the core stream diameter. Flattening the energy profile does, however, 
have the adverse side effect of reducing the peak photon energy the cells experience and 
this loss may affect the resolution of the instrument unless the overall energy of the laser 
can be increased to offset this. 

The second major function of the fluidics, that it accomplishes in part, is to deliver single 
cells to the interrogation laser. Assuming the cells exist as distinct individual cells, the 
hydrodynamic focusing, particularly when the sample pressure is such to have an 
appropriate core stream diameter, will put the cells in single file orientation and separate 
them sufficiently (on average) to have a single cell in the detection laser beam. However, 
even when cells are fully independent of each other there is a statistical probability 



will increase. This is shown in the figure to the left. As the core stream widens, cells may 
now be beside each other from the viewpoint of the laser. 

We have at our disposal other methods to help identify when more than one cell is in the 
detector. In older flow cytometers (e.g. FACSCalibur, FACScan, and MoFlo) coincidence 
detection circuitry was employed to attempt to remove these doublet events. When an 
event triggered the system a time window was initiated and the circuitry looked to see if 
another event occurred with that window. A second event occurring in the window, while it 
could be detected, its data would not be resolvable from the first event and in the vast 
majority of analyses the data from both cells was rejected. Of course, if the cells became 
close enough together to not even be resolvable within the window time frame, the 
circuitry failed to detect the event as two cells. In the newer instruments (e.g CyAn, LSRII, 
MoFlo XDP, and Reflection) each event independently creates its own analysis window. 
This results in a much lower loss of data. However, events that are doublets are still not 
resolved as the doublet still creates only a single pulse and, thus, a single window. Pulse 
processing analysis allows us to identify many events as doublets and, thus, increase our 
confidence that events are not doublets - however, there is still a statistical probability that 
any given event that passes all these tests may not be a single cell. Pulse processing 
analysis permits use of the fact that for each pulse we may determine the height of the 
pulse (above threshold), the width of the pulse, and the area under the pulse. These 
properties have the same relationship for any single cell event regardless of the overall 
magnitude of the pulse but the relationships will be (may be) different for events that are 
composed two or more cells. For pulse processing to work best we must present the cells 
to the laser in the context of a properly sized core stream. When we do so doublets will 
have their long axis perpendicular to the laser and the event width will be maximized. 




m Sheath Fluid 
□ Core Stream 



(described by the Poisson 
statistic) of more than a single 
cell being in the detector. 
Identifying with certainty that 
an event is a single cell is one 
of the major problems in using 
flow cytometry especially when 
analyzing rare events. Other 
methods are needed to confirm 
that such events are single cells 
(e.g. sorting to purify these 
events). As the sample 
pressure is increased and the 
core stream widens the 
frequency of doublet events 



http://flowcytometry.med.unc.edu/basicflow.htm 



2008/09/24 



Basic Flow Cytometry 



4/6 



-v 



Optics - Since flow cytometers use light to make measurements it is no surprise that optical 
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technologies are critical. Optical elements are 
required to both direct and shape the excitation 
laser beams but also to collect the light emitted 
from fluorescent probes. In order to measure and 
resolve data we must collect data in proper places 
and colors so that we know which parameter we are 
measuring. Flow cytometers routinely measure 
light scattered at two different angles (forward and 
side). Forward scatter is measured in the same 
direction (i.e. forward) as the laser beam is moving. 
Typically the forward scatter light is collected using 
a photodiode although a PMT (photomultiplier tube) 
can be used and is preferable for some applications. 
Forward scatter is typically and proportionally 
equated with size. However, forward scatter is even 
more so a function of refraction and. thus, directly 
inferring size must be done with caution. All other measurements in typical flow 
cytometers are made at some large angle (e.g. 90° relative to the primary laser beam) and 
use photomultiplier tubes (PMTs). The light is collected through sophisticated optical 
elements. In most instruments these are essentially microscope objective lens assemblies. 
However, the Reflection uses a novel light collection system that employs a parabolic 
reflector to collect the light. In some machines (e.g. LSRII and Reflection) the collected 
light is sent to the detectors via fiber optics. Side scatter signals measure the granularity 
or internal structure of the cell. Other PMTs are used for the various fluorochrome probes 
and the color of the light collected determines which probe is being measured. To isolate 
the color for each probe interference filters are used. Filters designed to work at normal 
incidence (NI) (i.e. 90° to the incoming light) are placed in front of each detector. A 
particular color of light is split off from the incoming mixture and directed to the detectors 
using interference filters designed to work at other angles (e.g. 45° ) - called dichroic 
mirrors. A schematic of a 3-color system is shown. 



Electronics - The electronics have several functions. The first is to convert the light 
information to analog electrical information, the second is to convert the analog 
(current/amp) electrical information to analog (voltage) information, then to convert the 
analog information to digital information that can be processed by the computer and 
software. The light enters the PMT and illuminates the photocathode. The absorption of 
light energy by the photocathode results in the release of photoelectrons from the 
photocathode. The photoelectrons are directed to the next element in the PMT, the first 
dynode, via an electrostatic field. Each photoelectron can release multiple electrons from 
the dynode since the photoelectron has more energy due to the acquisition of kinetic 
energy as it is repulsed from the photocathode and attracted to the more positively charged 
dynode. The number of electrons released from the photocathode per captured photon and 
subsequently from each dynode is a function of the electric potential (voltage) applied to 
the PMT by the flow operator. Thus, the number of electrons released at each step 
logarithmically propagates until all electrons are captured by the photoanode resulting in 
an electric current in the wire connected to the photoanode. This current, at a given PMT 
voltage, is proportional to the number of photons that entered the PMT. The next step is 
the conversion of the amperage to a voltage. This is the primary function (in addition to 
others such as baseline restoration) of the pre-amp. What follows after the pre-amp 
depends on what instrument one is using. Older designs (e.g. FACScan and FACSCalibur) 
used linear and logarithmic amplifiers to amplify and resolve signals. (The CyAn also uses 
log amps but in a slightly different way and in all other regards is like the all digital 
instruments). Log amps are used to increase the dynamic range so that signals of small 
and large magnitudes may be displayed on scale within the same histogram - a requirement 
for quantitative measurements. Log amps are never perfectly logarithmic which creates 
problems down stream when one uses pure mathematic approaches to deal with spectral 
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overlap between fluorochromes (compensation). The data from the amplifiers then goes to 
the ADCs (analog to digital converters) where the measured voltage is converted to a 
digital value. The value is based on the design of the ADC and its bit range (e.g. a 10-bit 
ADC will convert the lowest to highest voltage into numbers from 1 to 1024 (i.e. 2 10 ). 
Newer designs (MoFlo XDP, LSRII, and Reflection) do not have amplifiers but send data 
directly from the pre-amp to high resolution analog to digital converters to generate digital 
values of sufficient range to enable the use of log lookup tables to derive the logarithmic 
resolution needed. The electronics must also provide the means to align signals from 
different detectors, especially from detectors collecting light from additional spatially (and, 
thus, time) resolved lasers. In droplet sorters the electronics must also provide for the 
precise generation of droplets, the decision making of what cells are sorted, as well as 
other control elements that monitor other functions of the sorting process. 

Computer/Software - The digital data values are received by the computer and the software 
translates this information into pictures (histograms - usually either single or dual 
parameter plots) that we can visually understand. We will not go into detail of the various 
software packages that are available. Please see a discussion of Summit by clickin g here . 
Flow cytometry data files mostly conform to a standard - the FCS (flow cytometry standard) 
file structure (version FCS3.0 is the latest). The file structure permits not only the storage 
of the raw data from the detectors but also various other pieces of information about the 
sample and information about how it was collected (e.g. PMT voltages and compensation 
settings). The FCS file is also referred to as a "listmode file". In an FCS file all the raw data 
exists as separate pieces of information for every detector for each cell. The file structure 
allows users to later mix and match how they wish to combine various pieces of 
information to provide for a logical analysis of the information. One of the more powerful 
properties of flow software is the ability to generate regions of interest within one 
histogram and then to gate (restrict) a histogram displaying data for other parameters to 
only display the subset of information from the region of the first histogram. When 
analyzing two or more colors of fluorescence the emission from one fluorochrome may get 
into the detection channel of another fluorochrome. This must be dealt with by a process 
known as compensation (for a more complete discussion see Compensation in "Ap plication 
Protocols " and appropriate discussions in " Instrument Protocols "). Algorithms now exist to 
help you with the proper adjustment of compensation. 

Sorting - Sorting is the process where the flow cytometer 
(not all flow cytometers are sorters) physically separates 
cells and places them into test tubes. This can be done at 
high purity and rates, and keep the cells viable and sterile. 
All commercial sorters use the principles of electrostatic, 
droplet sorting. The first part of sorting is, of course, 
analysis and uses the basic principles described above. Cells 
of interest are marked in the flow cytometer and this 
information is used to make the sort decisions. In order to 
sort, the fluid stream containing the cells must be precisely 
(and reproducibly over a substantial time frame) broken into 
droplets - the cells will partition into the droplets. To do this 
an acoustical energy is supplied to the fluid within the nozzle 
and this energy travels down the fluid stream and causes the 
stream to divide into droplets. The sorter's computer can 
figure out which droplets will contain the cell of interest. 
When that droplet is the last attached droplet to the fluid 
stream an electric charge is placed on the stream and 
maintained until the droplet separates from the stream at 
which time the charge is reset to zero. Having detached 
from the stream and, thus, no longer connected to ground, 
the droplet retains the charge applied to it. The droplet then 
passes (falls) through a high energy electric field and the 
droplets are deflected by controlled amounts to fall into 
properly placed receptacles. The charge applied to the 
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stream and to the droplets may be either positive or negative and, in addition, each may 
have two amplitudes. Thus, we can sort up to 4 streams and, thus, 4 populations 
simultaneously. The sorter may also be configured to deposit cells (as few as one per well) 
into various sized multi-well plates (up to 384 well configurations). 
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Conditions for Hybridisation 
of Oligonucleotide Probes 



When using oligonucleotides as probes, the aim is to find conditions that are 
stringent enough to guarantee specificity and sufficiently flexible to allow 
formation of stable hybrids at an acceptable rate. For DNA molecules more 
than 200 nucleotides in length, hybridization is usually carried out at 
15-25°C below the calculated melting temperature (7* m > of a perfect hybrid. 
However, as the length of the probe is decreased, the T m is lowered to the 
point where it is often impractical to carry out hybridization at T m - 25°C. 
Typically, therefore, hybridization with synthetic oligonucleotides is carried 
out under conditions that are only 5-10 c C below the T n . Although such 
stringent conditions reduce the number of mismatched clones that are 
detected with short oligonucleotide probes, they have the less desirable 
consequence of reducing the rate at which perfect hybrids form. 

Hybrids formed between DNA molecules more than 200 nucleotides in 
length are completely stable for all practical purposes. The chances that such 
a long stretch of double helix will unwind at temperatures 15-25 C C below the 
T m are extremely small. However, hybrids (even perfect hybrids > formed 
between short oligonucleotides and their target sequences at 5-10°C below 
the T m are far easier to unwind, and hybridization reactions of this type can 
be regarded as reversible. This has important practical consequences. 
Whereas hybrids formed between longer DNA molecules are essentially 
stable under the conditions used for posthybridization washing, hybrids (even 
perfect hybrids) involving short oligonucleotides are not. Posthybridization 
washing of such hybrids must therefore be carried out rapidly so that the 
probe does not dissociate from its target sequence. For this reason, hybridi- 
zations with short oligonucleotides should be carried out under stringent 
conditions (5-10°C below the T m ) using high concentrations (0.1-1.0 pmole/ 
ml) of probe. When only one or a small number of oligonucleotides (<8) are 
used as probes, the annealing reaction rapidly reaches equilibrium, and 
hybridization should therefore be terminated after 3 or 4 hours. More 
complex mixtures, in which the concentration of each oligonucleotide is 
comparatively low, require hybridization to be carried out for proportionately 
longer periods. For example, mixtures of 32 or more oligonucleotides should 
be hybridized for 1-2 days. Posthybridization washing should be carried out 
for brief periods of time, initially under conditions of low stringency and then 
under conditions of stringency equal to those used for hybridization. 
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CALCULATING MELTING TEMPERATURES FOR PERFECTLY MATCHED 
HYBRIDS BETWEEN OLIGONUCLEOTIDES AND THEIR TARGET 
SEQUENCES 

When using single oligonucleotides that match the target sequence perfectly, 
hybridization conditions can easily be derived from the calculated T m of the 
hybrid. For oligonucleotides shorter than 18 nucleotides, the T m of the hybrid 
can be estimated by multiplying the number of A + T residues in the hybrid 
by 2°C and the number of G + C residues by 4°C and adding the two numbers 
(Itakura et al. 1984). However, this method overestimates the T m of hybrids 
involving longer oligonucleotides. 

A different approach has been taken by E. Fritsch (unpubL), who found 
that the equation originally used to calculate the relationship between G + C 
content, ionic strength of the hybridization solution, and the T m of long DNA 
molecules (Bolton and McCarthy 1962): 

T m = 81.5 + 16.6(log 10 [Na*]) + 0.41(fractionG + C) - (600/iV) , 

where N = chain length, predicts reasonably well the T m for oligonucleotides 
as long as 60-70 nucleotides and as short as 14 nucleotides. 

This formula only works for Na + concentrations of 1 M or leas. 
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ESTIMATING THE EFFECTS OE MISMATCHES 



Perhaps surprisingly, the classic formula (Bonner et al. 1973) to calculate the 
effect of mismatches on the stability of long DNA hybrids holds reasonably 
well for hybrids involving short oligonucleotides: For every 1% of mismatch- 
ing of bases in a double-stranded DNA, there is a reduction of T m by 1-1. 5°C. 
However, the precise effect of mismatches depends on the G + C content of 
the oligonucleotide and, even more critically, on the distribution of mis- 
matched bases in the double-stranded DNA. Mismatches in the middle of the 
oligonucleotide are far more deleterious than mismatches at the ends. There- 
fore, the method of estimation given above should only be used as a rough 
guide until a systematic study of all types of mismatches in a variety of 
contexts leads to more precise methods of estimation. If appropriate target 
DNA has been cloned, the effect of mismatches on T m can be determined 
empirically (see pages 11.55-11.57). 
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HYBRIDIZATION OF POOLS Of OLIGONUCLEOTIDES 

It is easy to calculate accurately the T m of a perfectly matched hybrid formed 
between a single oligonucleotide and its target sequence. However, when 
using pools of oligonucleotides whose members have greatly different con- 
tents of G + C, it is impossible to estimate a consensus T m . Because it is not 
possible to know which member of the pool will match the target sequence 
perfectly, conditions must be used that allow the oligonucleotide with the 
lowest content of G + C to hybridize efficiently. Usually, conditions are 
chosen to be 2°C below the calculated T m of the most A/T-rich member of the 
pool (Suggs et al. 1981b). However, the use of such "lowest common 
denominator" conditions can lead to a number of false positives, because 
mismatched hybrids formed by oligonucleotides of higher G + C content may 
be more stable than a perfectly matched hybrid formed by the correct 
oligonucleotide. In most cases, this problem is not serious, since the number 
of positive clones obtained by screening cDNA libraries with pools of oligonu- 
cleotides is usually quite manageable. It is therefore possible to easily 
distinguish false positives from true positives by another test (e.g., DNA 
sequencing or hybridization with a second pool of oligonucleotides corre- 
sponding to another segment of amino acid sequence). 

In those cases when the number of positives is unacceptably high, it may be 
worthwhile to consider using hybridization solvents that contain the quater- 
nary aikylammonium salts tetraethylammonium chloride (TEAC1) or tetra- 
methylammonium chloride (TMAC1) instead of sodium chloride (Melchior and 
von Hippel 1973; Jacobs et al. 1985, 1988; Wood et al. 1985; Gitschier et al. 
1986; Wozney 1989). In these solvents, the T m of a hybrid is independent of 
its base composition and dependent primarily on its length. Thus, by 
choosing a temperature for hybridization appropriate for the lengths of the 
oligonucleotides in a pool, the effects of potential mismatches can be 
minimized. 

It is important to obtain an accurate estimate of the T m in TMAC1 or 
TEAC1 before using pools of oligonucleotides to screen cDNA or genomic DNA 
libraries. Jacobs et al. (1988) measured the T x (the irreversible melting 
temperature of the hybrid formed between the probe and its target sequence) 
as a function of chain length for a number of oligonucleotides of differing 
G + C content in solvents containing either sodium or tetramethylammonium 
ions. Hybrids involving oligonucleotides 16 and 19 nucleotides in length melt 
over a smaller range of temperature in solvents containing TMAC1 than in 
solvents containing sodium salts (3°C for TMAC1 vs. 17°C for SSC when 
hybridizing 16-mers; 5°C for TMAC1 vs. 20°C for SSC when hybridizing 
19-mers). For 14-mers, the effect is much less dramatic (7°C for TMAC1 vs. 
9°C for SSC). Similar, but less extensive, data are available for solvents 
containing TEAC1 (Jacobs et al. 1988). 

The optimal temperature for hybridization is usually chosen to be 5°C 
below the T { for the given chain length. The recommended hybridization 
temperature for 17-mers in 3 m TMAC1 is 48-50°C; for 19-mers, it is 55-57°C; 
and for 20-mers, it is 58-66°C. Three points are worth emphasizing. First, 
the 7\s of hybrids are uniformly 15-20°C higher in solvents containing 
TMAC1 than in solvents containing TEAC1. The higher T i in solvents 
containing TMAC1 allows hybridization to be performed at temperatures that 
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suppress nonspecific adsorption of the probe to solid supports (such as nylon 
membranes), resulting in lower nonspecific backgrounds. Second, hybridiza- 
tion solvents containing TMAC1 do not have significant advantages over those 
containing sodium ions until the length of the oligonucleotide exceeds 16 
nucleotides. Finally, the data have been extensively examined for 16-mers, 
19-mers, and, in previous studies, for much longer DNA molecules (Melchior 
and von Hippel 1973). It is currently an untested assumption that the same 
beneficial effect will be seen for DNA molecules of all intermediate lengths. 
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Preparation and ITse of Solvents Containing Quaternary 



1. Prepare a 6 M solution of tetramethylanunonium chloride (TMAC1) or a 3 m 
solution of tetraethyiammonium chloride (TEAC1) in H 2 0. (TMAC1 and 
TEAC1 are available from Aldrich.) 

2. Add activated charcoal to a final concentration of approximately 10% and 
stir for 20-30 minutes. 

3. Allow the charcoal to settle, and then filter the solution of TMAC1 or 
TEAC1 through a Whatman No. 1 paper. 

4. Filter the solution through a nitrocellulose filter (e.g., Nalge, 0.45-micron 
pore size). Store the filtered solution in dark bottles at room temperature. 

5. Measure the refractive index of the solution, and calculate the precise 
concentration of the solution from the equation: 

C = fo-:L331)/0.018 

where C - molar concentration of quaternary alkylammonium salt and 
n = refractive index. 

6. Prehybridize nitrocellulose filters or nylon membranes for 2-6 hours in 
oligonucleotide prehybridization solution. 




7. Prepare the quaternary alkylammonium solution to be used for hybrid- 
ization: 

alkylammonium hybridize* i 

lGI or 2.4 m TEAC1 
turn phosphate (pH 6.8) 
,_.#(pH 7.6) 

^ffehatxired, fragmented salmon spem DIJ^^^^I?^^ 
**Wtf& milk ~ ^j^^M 
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Notes 

i. Nitrocellulose filters are not stable when hybridization is carried out for 
extended periods of time in solvents containing TMAC1 or TEAC1. Nylon 
membranes are much better suited for this purpose. 

ii. Posthybridization washing is usually carried out initially with solutions 
containing sodium salts (e.g., 6 * SSC) rather than quaternary alkylam- 
monium salts. If additional stringent washes are required, rinse the 
filters first with quaternary alkylammonium hybridization solution (with- 
out DNA or nonfat dried milk) at room temperature and then briefly (5-10 
minutes) with the same solution at T x - 5 C C. 
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HYBRIDIZATION OF GWTESS9MERS 

Perhaps the most critical step in the use of guessmers is the choice of 
conditions for hybridization. The temperature should be high enough to 
suppress hybridization of the probe to incorrect sequences but must not be so 
high as to prevent hybridization to the correct sequence, even though it may 
be mismatched. Before using an oligonucleotide to screen a library, it is 
therefore advisable to perform a series of trial experiments in which a series 
of northern or genomic Southern hybridizations are carried out under differ- 
ent degrees of stringency (Anderson and Kingston 1983; Wood et al. 1984). A 
set of theoretical curves relating the temperature of the washing solution to 
the length and homology of the probe is given in Lathe (1985). Using these 
curves as a guide, determine the optimal conditions for detection of sequences 
complementary to the probe by hybridizing the oligonucleotide to a series of 
nitrocellulose filters or nylon membranes at different temperatures. The 
filters are washed extensively in 6 x SSC at room temperature and then 
briefly (5-10 minutes in 6 x SSC) at the temperature used for hybridization. 
This method, in which both hybridization and washing are carried out under 
the same conditions of temperature and ionic strength, appears to be more 
discriminating than the more commonly used procedure of hybridizing under 
conditions of lower stringency and washing under conditions of higher 
stringency. 

If trial experiments are not possible, attempt to estimate the melting 
temperature (T m ) as follows: 

1. Calculate the minimum G + C content of the oligonucleotide assuming 
that A or T is present at all positions of ambiguity. 

2. Using the following formula, calculate the T m of a double-stranded DNA 
with the calculated G + C content: 

T m = 81.5 + 16.6(log 10 [Na 1 1) + 0.41(fraction G + C) - (600/iV) 

where N = chain length. 

This formula only works for Na + concentrations of 1 M or less. 

3. Calculate the maximum amount of possible mismatch assuming that all 
choices of degenerate codons are incorrect. Subtract 1°C from the calcu- 
lated T m for each 1% of mismatch. The resulting number should be the T m 
of a maximally mismatched hybrid formed between the probe and its 
target DNA sequence. 

In the absence of information from trial experiments, hybridization and 
washing should be carried out at 5-10°C below the estimated T m . Almost 
certainly, the actual T m will be higher than that predicted by this worst-case 
calculation. If the bases used at positions of ambiguity were chosen at 
random, one out of four should be correct, and approximately half of these 
would be expected to be G or C. The observed T m should therefore be 
significantly higher than that estimated. However, to minimize the risk of 
missing the clone of interest, it is best to hybridize and wash at several 
degrees below the T m estimated as described above. If, under these condi- 
tions, the probe hybridizes indiscriminately, repeat the hybridization at a 
higher temperature or wash under conditions of higher stringency. 
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Before proceeding to screen an entire cDNA or genomic DNA library, it is 
advisable to carry out a series of pilot experiments in which the probe is 
hybridized under different conditions to small aliquots (perhaps 5000-10,000 
clones) of the library that is to be screened. The results of these experiments 
should allow you to choose conditions for large-scale screening that are just 
stringent enough to eliminate nondiscriminate hybridization of the probe to 
the vast majority of clones in the library. 

Hybridization of guessmers in solvents that contain quaternary alkylam- 
monium salts has not been investigated. 
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UTBMUMZATION OF OLIGONUCLEOTIDES THAT CONTAIN A NEUTRAL 
BASE AT POSITIONS OF DEGENERACY 

Although the conditions for hybridization of probes that contain the neutral 
base inosine have not been extensively explored, it is possible to make a 
conservative estimate of the melting temperature (T m ) as follows: 

1. Subtract the number of inosine residues from the total number of nu- 
cleotides in the probe to give a value S. 

2. Calculate the G + C content of S. 

3. Estimate the T m of a perfect hybrid involving S using the equation on page 
11.52, 

4. Use conditions for hybridization that are 15-20°C below the estimated T m . 

The T m of hybrids involving oligonucleotides that contain neutral bases can 
also be estimated empirically as described on pages 11.55-11.57. Hybridiza- 
tion of such oligonucleotides in solvents containing quaternary alkylam- 
monium salts has not been investigated. 
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EMPIRICAL DETERMINATION OF MELTING TEMPERATURE 

The melting temperature CT m ) of an oligonucleotide hybridized to a target 
sequence can be determined by the procedure described below. The protocol 
actually measures the temperature at which dissociation of the double- 
stranded DNA becomes irreversible (T\) in nonequilibrium conditions that do 
not favor rehybridization of the released probe to the target. The optimal 
temperature for hybridization is then determined on the basis of this value. 
The procedure requires a cloned target sequence that is complementary 
(perfectly or imperfectly, depending on the experiment) to the oligonucleotide 
probe. In most cases, a target sequence is not available from "natural" 
sources and must be synthesized chemically. The best synthetic target 
sequences consist of two oligonucleotides that are partially complementary. 
After annealing, these oligonucleotides form a double-stranded region that 
contains the target sequence. The sequences of the protruding ends are 
designed to allow the target DNA to be cloned easily in bacteriophage Ml 3 
vectors. Single-stranded DNA of the appropriate orientation prepared from 
the resulting clones (see Chapter 4) can be used in hybridization experiments 
as described below. It can also be used as a template for dideoxy-mediated 
chain-termination sequencing (see Chapter 13) if it is necessary to check that 
the sequence of the target DNA is correct. 

1. Label 1-10 pmoles of the oligonucleotide to be used as a probe by 
phosphorylation (see pages 11.31-11.32), and remove excess unincorpo- 
rated [y- 32 P]ATP by one of the methods described on pages 11.33-11.39. 

2. Using a paper punch, prepare four small circles (diameter 3-4 mm) of a 
solid support (nitrocellulose filter or nylon membrane) used for hybridiza- 
tion. Arrange the small circles on a piece of Parafilm. Mark two of the 
filters with a soft-lead pencil. 

3. Apply approximately 100 ng of target single-stranded DNA in a volume 
of 1-3 jjlI of 2 x SSC to each of the marked filters. Apply an equal 
amount of vector DNA to the unmarked filters. After the fluid has dried, 
use blunt-ended forceps (e.g., Millipore forceps) to remove the two sets of 
filters from the Parafilm, and place them between sheets of Whatman 
3MM paper. Fix the DNAs to the filters by baking for 1-2 hours at 80°C 
in a vacuum oven. 

If the target DNA has been cloned into a plasmid, linearize the vector by digestion 
with a restriction enzyme that does not cleave within the target sequences. Purify 
the resulting double-stranded DNA by extraction with phenol: chloroform and pre- 
cipitation with ethanol. Dissolve the DNA in 2 x SSC at a concentration of 500 
ng/^l- Apply the solution of DNA to the filters prepared as described above, and 
then, using blunt-ended forceps, transfer the niters to a sheet of 3MM paper 
saturated with denaturing solution (1.5 M NaCl, 0.5 N NaOH) for 5-10 minutes. 
Move the filters to a fresh sheet of 3MM paper saturated with neutralizing solution 
(0.5 M Tris Cl LpH 7.4], 1.5 M NaCl) for 10 minutes. Transfer the niters to a dry 
sheet of 3MM paper, and leave them at room temperature until all of the fluid has 
evaporated. Bake the niters as described above. 

Overbaking can cause the filters to become brittle. In addition, filters that have not 
been completely neutralized turn yellow or brown during baking and chip very 
easily. The background of nonspecific hybridization also increases dramatically. 
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4. Using blunt-ended forceps, transfer all of the filters to a polyethylene 
tube that contains 2 ml of oligonucleotide prehybridization solution. Seal 
the tube and incubate, with occasional shaking, at a temperature esti- 
mated to be T m - 25°C for the solvent being used (see Note i). After 2 
hours, add radiolabeled oligonucleotide to the prehybridization solution. 
The final concentration of oligonucleotide should be approximately 1 
pmole/ml. Continue incubation at T m - 25°C for a further 2-4 hours, 
with occasional shaking. 

if0^qniictmtide prehybridization solutipHx * ^ - 

[^C&x SSC(or6x SSPE) 

0.01 m sodium phosphate (pH 6.8) 
1 mM EDTA (pH 8.0) 
0.5% SDS 

100 yjgl ml denatured, fragmented salmon sperm DSM|(|^>-^ ;^ 

Appendix B) 
0 1% i^at^dried. milk 




- •- v ^ 



5. Remove the filters from the hybridization solution, and immediately 
immerse them in 2 x SSC at room temperature. Agitate the fluid 
continuously. Replace the fluid every 5 minutes until the amount of 
radioactivity on the filters remains constant (as measured with a hand- 
held minimonitor). 

6. Adjust the temperature of a circulating water bath to T m - 25°C. Dis- 
pense 5 ml of 2 x SSC into each of 20 glass test tubes (17 mm x 100 mm). 
Monitor the temperature of the fluid in one of the tubes with a ther- 
mometer. Incubate the tubes in the water bath until the temperature of 
the 2 x SSC is T m - 25°C. The 2 x SSC in each of these tubes will be 
used separately for each temperature increase (see steps 7-10). 

7. Transfer the filters individually to four empty glass tubes, separating the 
filters containing the vector and target DNAs, and add 1 ml of 2 x SSC 
(from one of the tubes prepared in step 6 and prewarmed to T m - 25°C). 
Place the tubes in the water bath for 5 minutes. 

8. Remove the tubes from the bath, transfer the liquid to scintillation vials, 
and wash the tubes and filters with 1 ml of 2 x SSC at room tempera- 
ture. Add the wash solutions to the appropriate scintillation vials. 

9. Increase the temperature of the water bath by 3°C, and wait for the 
temperature of the 2 x SSC in the tubes prepared in step 6 to 
equilibrate. 

10. Add 1 ml of 2 x SSC at the higher temperature to each of the four tubes 
containing the filters. Place the tubes in the water bath for 5 minutes. 
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11. Repeat steps 8, 9, and 10 at successively higher temperatures until a 
temperature of T m + 30°C is achieved. 

12. Place the filters in separate glass tubes (17 mm x 100 mm) containing 1 
ml of 2 x SSC, and heat them to boiling for 5 minutes to remove any- 
remaining radioactivity. Cool the solutions in ice, and transfer them to 
scintillation vials. Wash the filters and tubes used for boiling with 1 ml 
of 2 x SSC, and add the washing solutions to the appropriate scintilla- 
tion vials. 

13. Use a scintillation counter to measure the radioactivity (by Cerenkov 
counting, see Appendix E) in all of the vials. Calculate the proportion of 
the total radioactivity that has eluted at each temperature (i.e., the sum 
of radioactivity eluted at all temperatures between. T m - 25°C and the 
temperature at which a given sample was taken divided by the total 
radioactivity eluted from the filters at all temperatures up to and 
including 100°C). 

If the experiment has worked well, very little radioactivity should be 
associated with the filters containing vector DNA alone. Furthermore, 
this radioactivity should be completely released from the filters at 
temperatures much lower than the estimated T m . On the other hand, 
considerable radioactivity should be associated with the filters containing 
the target DNA; the elution of this radioactivity should show a sharp 
temperature dependence. Very little radioactivity should be released 
from the filters until a critical temperature is reached, and then approxi- 
mately 90% of the radioactivity should be released during the succeeding 
6-9°C rise in temperature. The temperature at which 50% of the 
radioactivity has eluted from the filters containing the target sequences 
is defined as the T { of the hybrid between the probe and its target 
sequence. 

Notes 

i. Although the above protocol calls for the use of sodium salts in the 
solvent used for hybridization, other solutes such as tetramethylam- 
monium chloride or tetraethylammonium chloride can be substituted if 
desired to determine the T i in these solvents. 

ii. This method can easily be adapted to study the behavior of hybrids 
formed between probes and target sequences that do not match each 
other perfectly (Jacobs et al. 1988). 

iii. Before synthesizing the probe, check for potential homology and/or 
complementarity between its sequence and the sequence of the vector 
used to propagate the target. Most of the commercially available pro- 
grams to analyze DNA can be used to search commonly used vectors for 
sequences that match the sequence of the probe closely enough to cause 
problems during hybridization. 
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The purpose of the present study was to investigate fluidic behavior in a microchannel 
with hair-pin curves, using a three-dimensional (3-D) computational fluid dynamics 
simulation, and to observe the 3-D flow pattern, to validate the simulation. The micro- 
channel used was fabricated on a PMMA plate using a flat-end mill The channel width 
and depth were 210 and 205 pm, respectively, and the radius of each hair-pin curve was 
500 fxm. Two liquids; purified water and an aqueous solution of 50 fimol/L fluorescein, 
were introduced into the microchannel through different inlets and were merged, forming 
a side -by -side parallel flow in the straight channel. When the average velocity was 25 
mm/s, the liquid was thrust outward by centrifugal force and, as a result, the vertical line 
that crossed the central axis was distorted after passing the first hair-pin curve. At the 
second hair-pin curve, the centrifugal force was exerted in the opposite direction, and the 
distorted line returned nearly to an initial vertical line. When the average velocity was 125 
mm/s, however, the vertical line, which was distorted at the first hair-pin curve, did not 
recover to the initial vertical line after the second curve. The interface between the two 
liquids was permanently waved. The simulation was in good agreement with the experi- 
mental data. The results suggest that the diffusion rate through the interface of two liquids 
in microchannels with hair-pin curves can increase, compared to that in straight micro- 
channels. © 2004 American Institute of Chemical Engineers AIChE J, 50: 1530-1535, 2004 
Keywords: microfluidics, confocal fluorescence microscopy, computational fluid dynam- 
ics, microchannel, micro reactor 



Introduction 

Miniaturized devices for use in chemical analysis and 
material synthesis have attracted considerable interest in 
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recent years (Ehrfeld, 2000). These devices usually con- 
tain microchannels, the widths of which are 1-1000 fim. 
Such narrow channels provide unique reaction fields, basi- 
cally because the outside surface area per unit reactor 
volume is large in comparison with conventional reactors. 
Examples of such applications include: the selective syn- 
thesis of organic compounds using organic and aqueous 
phases (Hisamoto et al., 2001), the enzyme reaction with 
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Figure 1. Fabrication of a microchannel. A: top view, B: 
details of the channel. 



velocity distribution in a capillary using an NMR micro- 
imaging technique, but the spatial resolution was larger than 
10 |im, which was not sufficiently small for measurements 
in microchannels. In contrast, a measurement technique 
using single-molecule fluorescein, coupled with fluores- 
cence confocal microscopy, was recently developed and 
permitted a description of flow with a spatial resolution as 
small as 1 fim (Gosch et al., 2000; Ismagilov et al., 2000). 
We directed our attention to applying this principle to 
observations of the cross-sectional plane of fluids in 
microchannels and to clarify the interface configuration. An 
understanding of the flow dynamics would be highly desir- 
able for designing chemical reactions at the interface of 
solutions (Kenis et al., 1999; Zhao et al., 2002), as well as 
extraction between aqueous and organic phases (Hisamoto 
et al., 2001), and, furthermore, in elucidating the origin of 
much higher chemical reaction yields in microchannel 
reactors, compared to those in well-mixed batch reactors 
(Kanno et al., 2001; Miyazaki et al., 2001; Tanaka et al., 
2001). 



high yields (Kanno et al., 2001; Miyazaki et al., 2001), and 
the synthesis of nanoparticles with well-controlled sizes 
(Nakamura et al., 2002). When particles that are lighter or 
heavier than the liquid are suspended in a microchannel with 
sharp corners, a centrifugal force is induced. As a result, the 
path lines of the particles deviate from the path lines of the 
liquid stream. The same effect would be expected when two 
liquids with different densities are introduced into micro- 
channels. 

For liquid-phase systems in microchannels, the diffusion 
rate is a key factor in controlling reaction rates. Because 
the flow is laminar, the diffusion rate between the two 
liquids is dependent on the contact area. We recently re- 
ported on some two-dimensional (2-D) observations of flow 
characteristics in a microchannel (width = 210 /xm, depth = 
205 /xm) with hair-pin corners (Kawazumi et al., 2002). 
Red- and green-colored water with the same density were 
introduced into the microchannel in a side-by-side parallel 
flow mode, and the flow pattern was observed from the 
vertical direction using a color CCD camera with a 200X 
magnifying lens. The color of the microchannel flow 
changed before and after the hair-pin corner. This was 
caused by a local circulating flow, induced by a centrifugal 
force acting on the homogeneous liquid. The interface area 
and, as a result, the diffusion between the two liquids could 
be influenced by this secondary flow. However, the flow was 
observed only from the vertical direction, and we were not 
able to elucidate the three-dimensional (3-D) behavior of the 
liquids. 

The purpose of the present study is to demonstrate mi- 
crofluidic behavior using 3-D computational fluid dynamics 
simulation, and to validate the simulation by observing the 
3-D hydrodynamic behavior. At the macro level, fluidic 
simulation and visualization have been extensively per- 
formed, and the secondary flow induced at a corner has been 
analyzed (Cheng et al., 1976; Ghia and Sokhey, 1977). At 
the micro level, however, research on 3-D flow visualization 
has been only recently begun. Wang et al. (1995) used 
small beads as the tracer, but these beads might disturb the 
flow in a microspace. Manz et al. (1995) measured the 



Experimental Studies 

A microchannel was fabricated mechanically on a PMMA 
plate (Kawazumi et al., 2002), using a Robodrill (FANUC, 
Oshino-mura, Japan) with a flat-end mill (diameter = 200 
/xm, Hitachi Power Tools, Osaka, Japan). Figure la shows a 
complete view of the microchannel used, and Figure lb 
shows the details of the channel. The channel width and 
depth were 210 and 205 /xm, respectively. The radius of 
each hair-pin curve was 500 /xm, unless otherwise stated. 
The wall roughness was determined to be less than 5% of 
the depth, as evidenced by a laser microscope measurement; 
After fabrication, the channel plate was covered with a 
plat top plate and sealed by heating. Programmable syringe 
pumps were connected to the inlets by Teflon tubing. 

Two liquids were prepared: purified water and an aqueous 
solution of 50 /xmol/L fluorescein. The densities were 
practically the same. The two liquids were introduced into 
the microchannel through different inlets and were merged 
to form a side-by-side parallel flow in the straight channel. 
A confocal fluorescence microscopy system (Nikon, Tokyo, 
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Figure 2. Two-dimensional observation of flow using 
red- and green-colored water. Two liquids are 
introduced into the channel in a side-by-side 
parallel flow configuration. 
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Figure 3. Distortion of the initially vertical line during its Figure 5. Distortion of the initially vertical line during its 



passage through the microchannel (simula- 
tion). Average velocity = 25 mm/s. 



passage through the microchannel (simula- 
tion). Average velocity =125 mm/s. 



Japan) was used for the measurement. An Ar laser (wave- 
length = 488 nm, output = 25 mW) was scanned through an 
objective lens (ELWD-20x) in a 3-D manner, and the fluo- 
rescence emission from the fluorescein solution was 
detected at a resolution of about 3 /Am. To observe the 
2-D flow pattern, samples of red- and green-colored water 
were also used. The color change in the microchannel flow 
was recorded through the upper cover plate. 

Computational Fluid Dynamics Simulation 

The dimensions of the microchannel used for the simula- 
tion are assumed to be: width = depth = 200 /xm, straight 
channel length = 20 mm, and curvature radius = 500 ;xm. 
Three-dimensional simulations were carried out using 
FLUENT 6.0 (Fluent USA, Lebanon, NH) based on a finite- 
volume scheme. The Euler mixing model, suitable for mu- 
tually miscible fluids, was adopted. Molecules of the liquid 
microscopically slip on the channel wall (Thompson and 
Trolan, 1997). For simplicity, however, no slip conditions 
were assumed in the present study (Barrat and Bocquet, 
1999; Stroock et al., 2002). The inlet plane was divided 
in 40 X 40 mesh sections, and the total number of mesh 



sections in the calculated space was 475,200. A computation 
with nearly double the number of mesh sections gave 
approximately the same results. An iterative calculation 
for solving the Navier-Stokes equations was carried out 
with the second-order accuracy for pressure, and the 
SIMPLE algorithm was used for pressure-velocity cou- 
pling. 

Results and Discussion 

Figure 2 shows a 2-D observation of the flow pattern, 
using the red- and green-colored waters. When the average 
velocity is 8.3 mm/s, the two liquids form a side-by-side 
parallel flow, and no color change is observed in the micro- 
channel. When the average flow velocity is increased to 83 
mm/s, however, the outside red region overrides the inside 
green region after the first hair-pin curve, and the color of 
the flow changes to red. After passing the second turn 
with an opposite curvature, a green liquid emerges, and the 
flow pattern returns to the original side-by-side parallel 
flow. 

Figure 3 shows the result of the simulation at an average 
velocity of 25 mm/s. The velocity along the central axis is 
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Figure 4. Comparison between simulation and experi- 
ment for 3-D flow patterns. Average velocity = 
25 mm/s. 
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Figure 6. Comparison between simulation and experi- 
ment for 3-D flow patterns. Average velocity = 
125 mm/s. 
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Figure 7. Velocity distribution of the secondary flow at 
the first turn. Average velocity =125 mm/s. 



the largest and is the most strongly affected by the centrif- 
ugal force. As a result, the liquid flowing along the central 
axis is thrust outward the most vigorously. Thus, the vertical 
line that crosses the central axis is distorted after the first- 
turn. After the second turn, the centrifugal force is exerted in 
the opposite direction, and the distorted line returns nearly 
to the initial vertical line. 

Figure 4 shows a comparison between the simulation and 
the experimental results for the vertical cross-sectional 
plane under the same conditions as were used in Figure 3. 
The average liquid velocity is 25 mm/s. The upper and 
lower pictures a, b, and c correspond to the situations 
before the first turn, after the first turn, and after the sec- 
ond turn, respectively. The lines in the upper pictures, 
calculated by the simulation, indicate a boundary between 
the water and the fluorescein solution. The fluorescein 
solution, which initially flows on the right-hand side in 
this cross section, is thrust outward after the first turn 
and then returns to the initial position after the second turn. 
The simulation is in good agreement with the experimental 
data. 

Figure 5 shows the results of the simulation and an 
observation for the case where the average velocity is 
125 mm/s. The vertical line observed in the initial straight 
channel is heavily distorted after the first turn. After the 
second turn, the two liquid flows largely return to the 
original positions, and the side-by-side parallel flow pattern 
is again observed. In contrast with the result for a velocity 
of 25 mm/s, however, the distorted line is not fully re- 
covered to the initial vertical line after the second turn. The 
interface between the two liquids is permanently distorted 
by the stronger centrifugal force. Figure 6 shows a compar- 
ison between simulation and observation at a velocity of 
125 mm/s. The upper pictures show the calculated inter- 
faces, and the lower pictures show the results of the 
3-D observation. The upper and lower pictures agree well, as 
was found for a velocity of 25 mm/s. 

Figure 7 shows the velocity distribution on the vertical 
plane perpendicular to the main liquid flow at the middle 
point of the first turn. The liquid at the outer periphery is 
forced outward, and the liquid at the upper and lower 
periphery moves inward to compensate for the outward flow. 
This secondary flow perturbs the interface configuration. 
These results are in agreement with findings for laminar flow 



at the macro level (Cheng et al., 1976; Ghia and Sokhey, 
1977). The flow in a curved channel is expressed by the 
Dean number 



k = RCyjo/R 



(1) 



where Re is the Reynolds number, a is the channel radius, 
and R is the curvature radius. A single vortex pair appears in 
the region of K < 140 (Ghia and Sokhey, 1977). The value 
of the Dean number in the present study is less than 20, 
which supports the formation of secondary flows in the 
microchannel. 

Liquid-phase chemical reactions and material syntheses in 
3-D microspaces are substantially influenced by diffusion 
across the interface. The degree of diffusion is expressed by 
the parameter P z 



Dt 



(2) 



where D is the diffusion coefficient, t is the time of diffusion, 
and L is the representative length of the space. The represen- 
tative length can be defined by 



L = 6V/S 



(3) 



where V is the volume and S the interfacial area through 
which diffusion occurs (Crank, 1975). In a microchannel 
with hair-pin curves, the interface of the two liquids is not 
a simple flat plane, as seen in Figures 4 and 6. Figure 8 
summarizes the interface configurations as functions of av- 
erage velocity and curvature radius. Data for hair-pin curves 
with a curvature radius of 250 /xm are included in this figure. 
The interfacial area per unit length of the microchannel 
increases to aS 0 , where S 0 is the flat interfacial area and a 
(=S/S 0 ) is a coefficient larger than unity. Parameter P z is 
inversely proportional to L 2 , indicating that the time re- 
quired for diffusion decreases with an increase in (aS Q ) 2 . As 
shown in Figure 8, a exceeds 3 in some cases. This suggests 
that the diffusion rate through the interface of the two 
liquids in microchannels with hair-pin curves greatly in- 
creases in comparison with that in straight microchannels. 
Because the two liquids used in this study are miscible, the 
interface of the liquids disappears after passing a certain 
number of hair-pin curves. In some cases, reaction rates may 
be strongly affected by the manner in which aqueous solu- 
tions are fed and mixed in microchannels (Kanno et al., 
2001; Miyazaki et al., 2001; Tanaka et al., 2001). A further 
study of the role of microchannel curvature is currently 
under way. 
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Figure 8. Effects of curvature diameter and average velocity on flow patterns and interface configurations in the 
microchannel. 



Conclusions 

Three-dimensional computational fluid dynamics sim- 
ulations were performed, with respect to the fluidic behavior 
of laminar liquid flows in microchannels with hair-pin 
curves. The simulation results were validated by 3-D obser- 
vation by confocal fluorescence microscopy. These results 
revealed that the interface configuration of two liquids 
was affected by secondary flow, induced by centrifugal 
force at the corners. The increased interface area of two 
laminar liquids could promote a mass transfer based on 
diffusion. The success of chemical reactions and mate- 
rial syntheses inside microchannels is often dependent on 
flow properties, and higher yields are obtained, compared 
to reactions in well-mixed reactors. The results obtained in 
this study suggest the importance of microchannel design 
based on a 3-D comprehension of the fluid and accompany- 
ing mixing behavior. 
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